Different patterns of isozymes were obtained by starch-gel electrophoresis of alkaline phosphatase from Escherichia coli strains differing only by strA or ram mutations, or both, in the 30S ribosomal subunit. The isozyme spread was reduced in strA and increased in ram strains; this strictly parallels the restriction and enhancement of translational ambiguity produced by these mutations. Streptomycin present during growth had an effect similar to ram on both isozymes and ambiguity. The three isozymes analyzed have different N-terminal residues: aspartic acid, valine, and threonine. Different patterns of isozymes were also obtained in a wild-type strain through the specific action of exogenous arginine. A link between the mechanism of the effect of arginine and that of the ribosome is not obvious. The possibility is discussed that in both cases, although by different mechanisms, N-terminals are formed with different sensitivity to limited degradative attack.
The alkaline phosphatase of Escherichia coli is the product of a single structural gene (5, 18) . According to the one gene-one polypeptide chain hypothesis, one would expect this enzyme to be a single homogeneous protein.
However, the alkaline phosphatase prepared under conditions which rule out isolation and purification artifacts and aggregation is resolved, on electrophoresis, into several enzymatically active bands, isozymes (E. R. Signer, Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, 1963) . Several explanations have been offered to explain this different electrophoretic mobility. One is an occasional association with variable amounts of sugar moieties; however, strong evidence for or against this proposal is lacking (Signer, Ph.D. Thesis). Addition or subtraction of amino acids after synthesis of the peptide chain is also a possibility, and some evidence favoring this has recently been obtained (14, 22) .
Another possible explanation is that isozymes may result from ambiguous translation of a single genetic message. The major indication so far of the occurrence of translational ambiguity in vivo is the observation that the phenotype of several nonsense mutants is leaky. Since this occurs in the absence of any ' Present address: Department of Biochemistry, University of Oxford, Oxford, England. detectable specific transfer ribonucleic acid (tRNA) suppressor, it is assumed that the nonsense triplet may be translated ambiguously as if it were a codon for an amino acid, so that a certain amount of translation leaks through the chain-terminating stop. This leads to the assumption that a measurable amount of ambiguity is intrinsic to code translation. Mutations in two protein components of the 30S ribosomal subunit, strA and ram, are known (7, 17) , respectively, to restrict or stimulate nonsense leakiness. Addition of streptomycin has a phenotypic effect similar to that imposed genetically by a ram mutation. All of these ribosomal alterations are also known to restrict or stimulate the efficiency of specific tRNA suppressors (8) ; however, the experiments that we describe here deal with ambiguity intrinsic to translation in general and not with specific suppression of mutations of any kind.
In an attempt to see whether alkaline phosphatase isozymes might be explained in terms of intrinsic ambiguity, we have looked to see whether these ribosomal alterations change the alkaline phosphatase isozyme pattern in a way that would be expected if isozymes result from translational effects. Ribosomes were altered in the 30S subunit: genetically by mutation at the strA, ram (17) , and spc (1) loci; and phenotypically by addition of streptomycin (9) and of spectinomycin (1) . It is shown in this paper that strA, ram, and streptomycin affect the isozyme pattern. We have also looked for structural differences between isozymes, and have found that they differ in their N-terminal amino acid residues.
MATERIALS AND METHODS Bacterial strains.Two sets of strA derivatives were obtained from E. coli strain K: K-10 (originally from L. Cavalli-Sforza), which is alkaline phosphatase repressible (23) and strA+, and C90 (from A. Torriani), which is a spontaneous phosphatase constitutive mutant R2-(4) and strA+. The strA40 and strAl alleles were introduced into K-10 and C90 by P1 transduction from the 6-15 (strA40) and Ll-401 (strAl) donors selecting for SmR. In this way, two isogenic sets were obtained, one repressible (K1O strA+, K10 strA40, and K10 strAl) and one constitutive (C90 strA+, C90 strA40, and C90 strAl).
A third set of strA and ram derivatives was obtained from E. coli strain B, which is alkaline phosphatase repressible. The genetic derivation of the members of this set is presented in Table 1 . The donors of the strA40 and strAl alleles were again 6-15 and L1-401 whereas the donor of raml was Ll-4017. The rationale for the complicated genetic manipulations is the following: (i) there is strict identity of the genetic background; (ii) the phenotypes of strA40 (restriction reversible by streptomycin) and of strAl (irreversible restriction) are tested in an argF40 parent, but in our experiments arg prototrophs are needed (since exogenous arginine interferes, as it will be seen below); (iii) aroE, ram, spc, and strA are cotransducible so that aroE24 (not selected for) can be cotransduced with spcl (spectinomycin resistance) and ram (not selected for) can be cotransduced with aroE+; finally (iv) the strA ram derivatives must be spc+ (since spc is an unwanted mutation in a ribosomal gene).
Some experiments performed with strain C90 were also repeated with strain C6 (from A. Torriani), which is a spontaneous Rl-constitutive mutant from K-10.
Culture media. All cultures were grown in TG basal medium (4) Individual isozymes were prepared from purified alkaline phosphatase by chromatography on DEAE cellulose (DE32) as described by Lazdunski and Lazdunski (11) . Isozymes were arbitrarily named A, B, and C as shown in Fig. 1 Usually a modification of the method of Levinthal, Signer, and Fetherolf was used (12) . Electrophoresis was for 16 to 24 hr at approximately 12 v/cm. The gel buffer was 4 mM Tris-hydrochloride, pH 8.5, and the bridge buffer was 40 mM Tris-hydrochloride, pH 8.5. When possible, all samples in a particular gel had the same enzyme activity. After electrophoresis, the gels were sliced longitudinally and stained for alkaline phosphatase with a-napthyl acid phosphate (25 mg) and fast blue RR salt (75 mg) in 150 ml of borax, 0.06% (6) . After color development, the gels were fixed with methanol-acetic acid-water (5:1:5,
Electrophoresis in alkaline urea gels was carried out as described by Cohen and Porter (2), except that 6 M urea was used, and electrophoresis was at 2 to 4 C. Gels were sliced and stained for protein with amido schwartz in methanol-acetic acid-water (5:1: 5).
N-terminal determination. The 1-dimethylaminonapthalene-5-sulfonyl (dansyl) method for the determination of the N-terminal residue of proteins was used essentially as described by Gray (10) . Protein (1 to 2 mg) was dissolved in 0.5 ml of freshly deionized urea and buffered with NaHCO3 (0.5 M).
To this 0.5 ml of dansyl-chloride (15 mg/ml in acetone) was added, and the mixture was allowed to react for 3 hr at 37 C. Protein was precipitated by adding 1 ml of 10% trichloroacetic acid, and was washed once with 0.5 ml of 10% trichloroacetic acid and three times with acetone. The desalted protein was dried in vacuo, and hydrolyzed with 0.5 ml of 6 N HCl in a sealed tube for 18 hr at 105 C; HCl was removed in a vacuum desiccator over NaOH.
Dansyl-amino acids were identified by thin-layer chromatography on polyamide sheets. Dansyl-valine and dansyl-threonine were identified by their position relative to known standards in the two-dimensional system of Woods and Wang (25) . Dansyl-aspartate is not properly resolved from dansyl-glutamate, dansyl-OH, and o-dansyl-tyrosine in this system. These compounds were resolved by rerunning the second dimension in solvent IV of Crowshaw et al. (3) . Yields were estimated by comparing the intensity of fluorescence of the N-terminal dansyl-amino acids with standards of the same amino acids; thus, yields are only approximate.
Total reduction of proteins. Freeze-dried protein was dissolved in 8 M urea-0.5 M Tris-hydrochloride (apparent pH 8.2) and was reduced with 0.5 M fmercaptoethanol for 5 hr at 37 C. The reduced protein was then cooled to 2 C, alkylated for 1 
RESULTS
Ribosomal mutations that restrict translational ambiguity. It is known that leakiness of nonsense mutations is restricted to differing degrees by mutations at the strA locus, the gene coding for protein P10 of the 30S ribosomal subunit (16) . For example, an argF40 amber mutant produces 0.2 unit of ornithinine transcarbamylase (OTC) (it is arg-leaky) when it carries the strA+ (wild type) allele, whereas in its strA40 or strAl derivatives OTC is undetectable (they are strict arg auxotrophs). The restriction imposed by strA40, however, differs from that imposed by strAl, since the first is reversed in the presence of streptomycin (0.15 unit of OTC), whereas the second is not (OTC undetectable; 7, 9).
We have compared the effect of strA+, strA40, or strAl alleles in the alkaline phosphatase constitutive strain C90. The three strA derivatives were grown at 37 C in TG-excess phosphate medium and were harvested in midlogarithmic phase (OD = 0.2). The isozyme patterns of the crude enzyme preparations are shown in Fig. 1 slight difference between the more restrictive alleles, strA40 and strAl. The three strains had similar growth rates, and strains strA+ and strA40 consistently produced comparable levels of alkaline phosphatase (Table 2) . However, in different experiments, the strAl strain produced amounts ranging from 20 to 80% of this level (usually about 50% as shown in Table  2 ). This resulted from a variation in the level of alkaline phosphatase protein formed (measured as cross-reacting material with an antiserum prepared against purified alkaline phosphatase); the specific enzymatic activity of the protein did not vary. Possibly there was altered constitutivity in this strain. In any case, the strAl strain had the same isozyme pattern irrespective of the level of enzyme produced in a given experiment.
Ribosomal alterations that reverse strA restriction. The restrictive effects of strA mutations on translational ambiguity can be reversed in two ways: genetically by mutation at the ram locus, and phenotypically by addition of streptomycin (8) .
The ram locus codes for protein P4a of the 30S ribosomal subunit (26) . Isogenic ram+ and raml derivatives of E. coli B were compared for each of the three strA alleles, strA+, strA40, and strAl. In the strains used, alkaline phosphatase synthesis is repressed by inorganic phosphate, so they were grown in a TG-limiting phosphate medium. Alkaline phosphatase synthesis begins as growth becomes limited by phosphate starvation.
For each strA allele, the raml strain had a wider distribution of isozymes than the corresponding ram+ strain (Fig. 2) , as would be expected if the isozyme pattem depends on the translational ambiguity reintroduced by ram derestriction. The difference in pattern was greatest with the strA+ allele, and least with strAl. Cultures harvested 16 hr after the start of alkaline phosphatase synthesis showed the same pattems as cultures harvested 3 hr after the start of synthesis, so that the distinction between isozyme patterns was not caused by differences in the stage of enzyme induction at the time of harvesting. All strains, except strA+ raml, had similar growth rates and produced comparable levels of alkaline phosphatase; strA+ raml was slow growing, a characteristic of such strains (17) , and consistently produced about one-third of the level of enzyme found with the other strains.
The phenotypic effects of the addition of streptomycin are very similar, and in some cases additive, to the effects of mutation in the ram locus (8) . The isozyme pattern analyses, with the strA+, strA40, and strAl derivatives of strain C90, were repeated by growing the strains with and without addition of streptomycin. The cultures were again harvested when they had reached an OD of 0.2.
As can be seen in Fig. 1 tions of phosphate limitation, with the repressible parent strain, K-10.
These effects are predictable if isozyme formation is controlled by the ribosomal alterations we are studying, since only restriction by strA40 is reversed by streptomycin. The levels of streptomycin in the growth medium had no significant effect on growth rate or on alkaline phosphatase activity, except that in some experiments enzyme levels for strain strA40 were lowered by up to 25% (Table 2 ); this variation in enzyme level did not affect the isozyme pattern. Incubation of alkaline phosphatase samples with streptomycin had no effect on their isozyme pattern.
Ribosomal changes that do not affect translational ambiguity. Spectinomycin acts on the 30S ribosomal subunit, and the spc locus codes for protein P4 of the 30S subunit (1, 16) . However, neither mutation at the spc locus nor addition of spectinomycin affects the leakiness of nonsense mutations. In experiments analogous to those described above, we studied the effect of spectinomycin addition and of spc mutation. Neither change had any effect on the isozyme pattern.
Structural studies. Alkaline phosphatase can be denatured by reduction in 6 M urea, and then activity can be restored by careful reoxidation. The renatured enzyme is still resolved into isozymes on electrophoresis (12) . The active enzyme is a dimer of subunits produced by the same structural gene (18) , whereas the denatured form is the unfolded monomer (19) . So the characteristics that distinguish isozymes either are retained by the unfolded monomer and are differences in primary structure, or result from differing ways of folding identical monomers and are differences in conformation.
Alkaline phosphatase was denatured by reduction in 8 M urea, and then subjected to electrophoresis in an alkaline urea starch gel. The denatured enzyme had a completely different mobility from native enzyme, but still stained as a series of protein bands. Thus, the structural differences between isozymes persist under these denaturing conditions, and are differences in primary structure. These differences could be in the amino acid sequence or in a covalently attached prosthetic group.
If isozymes result from translational effects, they should differ in their amino acid sequence. Accordingly, we have carried out Nterminal analyses of three isozymes by the dansyl method. The isozyme preparations used contained less than 5% of proteins other than alkaline phosphatase. However, each isozyme preparation was somewhat contaminated with other isozymes. Results of the analyses are shown in Table 3 . The N-terminal for isozyme A is aspartic acid (or asparagine; the two alternatives are not distinguished by the dansyl method). The N-terminal for isozyme C is threonine, and that for B is probably valine. The yield for isozyme B was low; it is possible that its N-terminal was unreactive, and that valine is the N-terminal residue of a contaminating isozyme. Analyses of isozymes A and B also showed low levels of N-terminal threo- nine; this may reflect either contamination by isozyme C, or N-terminal heterogeneity within an electrophoretically homogeneous isozyme.
The N-terminal residues do not show the charge differences necessary to explain the charge differences between isozymes. Indeed, if the aspartic acid is not amidated, then the one charge difference seen is in the opposite direction to the difference between isozymes. Presumably, variation in some other "charged" part of the polypeptide causes the difference in electrophoretic mobility between the isozymes. Yet each isozyme has its own N-terminal, so that changes in the "charged" part correlate well with the N-terminal changes. This is most readily understood if the "charged" part of the polypeptide is itself very close to the N-terminal. Unfortunately, our attempts to determine the N-terminal sequence by the Edman degradation were not successful, and we could find no significant differences between isozymes in tryptic peptide maps, so we have been unable to confirm this deduction. Schlesinger and Anderson have reported just such peptide map differences, but they did not relate .them to a particular part of the peptide chain (20) .
Effect of growth medium. Signer (Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, 1963) has observed that growth in a rich medium gives a very different isozyme pattern from growth in a poor medium. Schlesinger and Anderson (20) have reported other changes in the growth medium that alter the isozyme pattern. Thus, it was possible that the various ribosomal changes were altering the intracellular environment, and, in this indirect way, causing the change in isozyme pattern. Such changes might be seen as an altered growth rate, and, with the exception of the strA+ raml strain, this was not observed. However slight changes in growth rate would not have been noticed, so we have tested the effect on isozyme pattern of markedly altering the growth rate by changing the growth temperature.
The strA alleles experiments were repeated with cultures grown at 30 C. The doubling times at 30 C were 88 to 94 min for the three strains, compared to 51 to 60 min at 37 C (Table 2) . With each strain, this resulted in a slight decrease in the proportion of minor bands present. However, the difference in isozyme pattern between strains having different strA alleles was not affected by the lower temperature, so this difference in isozyme pattern was not caused by a subtle change in the growth rate. It is reasonable to conclude that the ribosomal changes do not affect isozyme formation by altering the intracellular environment (and hence the growth rate), but rather have a more direct action.
The various alterations in medium that affect the isozyme pattern remain unexplained. In an attempt to relate these alterations to the ribosomal effects, we have studied the alteration with the most marked effect on isozyme pattern-the alteration from poor to rich medium. Strain C90 strA+ was grown in TG-excess phosphate medium containing different levels of supplement. The isozyme pattern for media containing high levels, 0.5 to 1.0%, of supplement (tryptone, peptone, Casamino Acids, or a synthetic amino acid mixture) was quite different from the pattern for cultures grown in a medium containing little or no supplement (<0.01%). This mimicked the difference that Signer had observed between rich and poor media. We tested progressively smaller groups of amino acids, and found that the effect depended on the arginine content of the medium (Fig. 3) . With 200 .g of arginine/ml, the more basic isozyme (A) predominates, whereas with 2 ;ig/ml the more acidic isozyme (C) predominates. The polyamines, agmatine, putrescine, and spermidine, which can be derived biosynthetically from arginine, did not cause this change. Incubation of preformed enzyme with arginine did not alter the isozyme pattern. The difference in the arginine concentrations had no effect on the level of alkaline phosphatase formed, nor on the growth rate (the strain was not an arginine auxotroph). So the effects of the rich medium are not caused by any change ingrowth rate, but rather by the specific action of arginine.
One possible explanation is that the changes are caused by an unbalanced amino acid pool. This would imply that some amino acids should have the opposite effect to arginine, but we did not find this when any of a series of amino acids or simple amino acid mixtures was tested, whatever the arginine level. We have not determined the N-terminals of the Thesis, 1963 ) that metabolic changes produced by growing a strain in different media can alter the isozyme pattern, we have tested the effect of differences possibly existing in the microenvironment of our ribosomal mutants. We studied derivatives of two different strains, K-12 and B, and we tested growth at different temperatures, which produce changes in growth rate much larger than the differences observed after the strA or ram mutations are introduced. In no case have we observed an effect on the differences in isozyme patterns between strains with different ribosomal alterations. It may be concluded that the isozyme pattern depends directly on the function of the ribosome ihi translation.
There is a complete parallel between the effects of strA, ram, and streptomycin in reducing or increasing the spreading of isozymes and the effects of the same agents in restricting or stimulating translational ambiguity. In contrast, spectinomycin and spc mutations alter neither the isozyme pattem nor translational ambiguity. It is remarkable, moreover, that this parallel is noticeable even when different alleles of the same ribosomal protein are compared. For example, the properties of the two strA40 and strAl alleles, both restricting nonsense leakiness to similar levels but only one, strA40, being reversed by ram or streptomycin (7), are found again in the way that they change the isozyme pattern. Thus, the strA40 and strAl strains have rather similar patterns, the more restrictive strAl allele having a slightly narrower pattern of bands. The mutation from ram+ to raml considerably broadens the isozyme pattern of the strA40 strain, but has only a slight effect on strAl. Similarly, streptomycin has a much greater effect with strA40 than with strAl. It is probable that these ribosomal changes have an even greater effect on the strA+ strain than on strA40, as 0.2% of the level of streptomycin used with strA40 changes the isozyme pattem of strA+. Also, the pattern for the strA+ raml strain is quite different from that for the strA+ ram+ strain. However, in this particular case, the general properties of the two strains were different, so that comparison of isozyme patterns may not be valid. Finally, it is seen in the figures that the patterns seem to differ more in relative intensity of the different isozyme bands rather than in appearance of true new bands. This correlates with the fact that ram (or streptomycin) has been frequently shown to increase preexisting intrinsic ambiguity but never to produce a new type of misreading. These observations are all consistent with the idea that phosphatase isozymes are the consequence of translational ambiguity. This implies the existence of amino acid substitutions in the different isozymes. Since the active enzyme is a dimer, the possibility of hybrids will increase the number of isozymes with respect to the number of substitutions. We have looked for such amino acid differences in three isozymes, A, B and C, and have found that they have predominantly aspartic acid (or asparagine), valine, and threonine, respectively, as their N-terminal residues. Natori and Garen have reported studies of the N-terminal fragments from alkaline phosphatase produced by strains having a nonsense mutation in the structural gene (14) . They found suggestive evidence that there was Nterminal heterogeneity in alkaline phosphatase, and they postulated that this was related to the isozyme phenomenon. However, because of scarcity of material, they were unable to identify the N-terminal residues unequivocally. Our results thus extend these findings. Natori and Garen (14) quoted unpublished observations by various workers that analysis of alkaline phosphatase gives low levels of threonine as the sole N-terminal residue. Details of these analyses are not known, but they are consistent with our results if it is assumed that the enzyme preparations used contained mainly isozyme C. The N-terminal differences are presumably caused by the removal of residues from the polypeptide chain after its synthesis, as suggested by Suzuki and Garen (22) . This occurs without detectable loss of enzyme activity, as the major isozymes have equal specific activities (11) . The active enzyme is a dimer, and in this form is very resistant to proteolysis (19) . However, the separated monomers are quite sensitive to proteolytic attack (19) , and so presumably any degradation would take place before dimerization. Different patterns are obtained not only by ribosomal alterations, but also by changing the growth medium from minimal to rich (Signer, Ph.D. Thesis, 1963). We have confirmed this effect and found that it is due to the specific action of arginine. We have not attempted to determine the N-terminals of isozymes produced in the presence of arginine, nor have we established a link between the effect of arginine and that of the ribosome. It is possible that the multiple electrophoretic bands are caused by more than one type of variation in alkaline phosphatase structure. Alternatively, a component such as arginine may influence the kinetics of dimerization, and so the extent of proteolytic attack, whereas translational ambiguity might produce monomers in which the N-terminal region has a different susceptibility to proteolysis. Therefore, both factors would, in different ways, change the isozyme pattern by altering the extent of N-terminal degradation.
